INTRODUCTION
The streptococci represent a large group of fastidious gram-positive microorganisms of remarkable heterogeneity. Most streptococci are facultative anaerobes and nonmotile, and they tend to grow in chains of variable length, especially during cultivation in vitro.
The role of streptococci in suppurative diseases, such as pharyngitis (strep throat), scarlet fever, erysipelas, cellulitis of the skin, impetigo, and lymphangitis, is well known. Related nonsuppurative diseases include acute glomerulonephritis and acute rheumatic fever. Most of these illnesses are associated with infections by Streptococcus pyogenes (Lancefield group A), although other streptococcal species are sometimes involved. The viridans group (e.g., Streptococcus sanguis, Streptococcus mutans, Streptococcus salivarius, and Streptococcus mitior) inhabit the oral cavity and commonly are involved in cases of subacute bacterial endocarditis. Dental caries, one of the most widespread bacterial infections in humans, is believed to involve S. mutans (91) . Streptococcus faecalis (group D), a normal inhabitant of the gut, can be involved in endocarditis and is commonly involved in urinary tract infections. Group D strains are also frequently implicated in root canal infections (76, 235) , and some strains are cariogenic in germfree rats (18, 88, 181, 227) . In recent years, Streptococcus agalactiae (group B) has become one of the common causes of meningitis in newborn infants (6, 244) . As the etiological agent of lobar pneumonia, Streptococcus pneumoniae is a major killer of humans, albeit its lethality frequently arises as a complication of a preceding debilitating illness. In addition to their medical importance, the streptococci play highly significant roles in the dairy industry; Streptococcus lactis, Streptococcus cremoris, and other streptococci are intimately involved in the production of cheeses and creams.
The first reports of plasmid deoxyribonucleic acid (DNA) in streptococci came from two independent studies, both of which were described about 9 years ago. First, Courvalin and co-workers (52) reported satellite DNA in lysates of a drug-resistant strain of S. faecalis centrifuged to equilibrium in CsCl gradients containing ethidium bromide. No satellite (plasmid) DNA was observed in a drug-sensitive variant of this strain. Second, a small plasmid in S. mutans was identified by Dunny et al. (68) ; in this case, the plasmid was physically characterized. Since then, plasmids have been identified in numerous strains of streptococci; a list of the plasmids that have been at least partially characterized and named is given in Table 1 .
In general, plasmids are as common in streptococci as they are in gram-negative enteric bacteria; however, they are found more easily in some species than in others. In the case of S. faecalis (B. Brown, Y. Yagi, and D. B. Clewell, unpublished data) and S. lactis (116, 129) , it is not uncommon to find strains containing five or more plasmids, and plasmid-free isolates are 'Abbreviations: Tc, tetracycline; Em, erythromycin; Sm, streptomycin; Km, kanamycin; Nm, neomycin; Gm, gentamicin; Cm, chloramphenicol; Asa, arsenate; Asi, arsenite; Cr, chromate; UV, ultraviolet light; Hly-Bac, hemolysin-bacteriocin; Bac, bacteriocin; PR, pheromone response; Lac, lactose utilization; Prt, protease production; Suc, sucrose utilization; Cit, citrate utilization.
rare. In contrast, plasmids seem to be less frequent in isolates of S. mutans (68, 143, 145, 193) and S. pneumoniae (25, 57, 194, 205, 210, 243) .
As Table 1 shows, plasmids determine a variety of different functions, including conjugal activity, drug resistance, hemolysins, proteases, bacteriocins, bacteriocin sensitivity, resistance to ultraviolet light, resistance to arsenate, arsenite, and chromate, and utilization of lactose, sucrose, and citrate. Although specific plasmids have not been characterized yet, the involvement of plasmids has also been implicated in streptococcin A-FF22 production (214), nisin production (84, 131) , galactose and xylose fermentations (131) , and production of M proteins and serum opacity factor (30).
Plasmid sizes range from a few megadaltons (Mdal) to as much as 76 Mdal; more than 85% of the plasmids that have been described are smaller than 40 Mdal. Copy number is usually high (10 In the case of the hemolytic strains of S. faecalis, it has never been shown that plasmiddetermined hemolysin contributes to pathogenicity in human infections. And unlike the situation with Escherichia coli (48, 67, 167), there have been no reports that urinary tract infections caused by this species are more likely to involve hemolytic strains. It is interesting that the hemolysin protein also has bacteriocin activity (9, 23, 89) .
Higuchi et al. (99, 100) reported that S. mutans strains PK1 and JC-2 harbor plasmids that relate to glucan production, which is believed to contribute to cariogenicity. However, efforts to confirm these observations in other laboratories have been unsuccessful (36, 68, 143, 193) . Indeed, only about 5% of the S. mutans strains examined have been found to harbor plasmids (143) . Macrina and Scott (144) showed that small cryptic plasmids found in four different human clinical isolates were all very similar, if not identical, with regard to size (3.6 Mdal) and sensitivity to several restriction endonucleases. Glucosyltransferase-deficient mutants (defective in glucan production) of one of these strains (strain LM7) still harbored such a plasmid (64).
In the case of the lactic streptococci (group N), which are so important in dairy fermentations, the ability to coagulate milk successfully is very dependent on the ability of the organism to metabolize lactose and to break down casein. There is good evidence ( In the case of other species, such as those belonging to the viridans group, growth of the cells in the presence of 20 mM DL-threonine (29, 133) or 2 to 5% glycine (193) ultimately leads to better lysis. This is presumed to be due to a weakening of the cell wall structure during growth in these agents. Growth in DL-threonine has also been used with group N streptococci (118, 136) .
Pronase has been useful (41, 42a) in the preparation of lysates and probably aids in breaking up DNA-protein-membrane complexes after lysis. Along with controlled shearing of the lysate (44), this facilitates the removal of stringy debris, which can interfere with the collection of buoyant density gradients run subsequently.
In group A streptococci, a specific phage-associated lysin has been useful in the generation of lysates (154 resistance from S. faecalis strain JH1, and these workers were the first to show the direct involvement of plasmid DNA. Two conjugative plasmids, pJH1 (multiple resistance) and pJH2 (hemolysin-bacteriocin) (111) , were identified in this strain. In both of the above-described reports (112, 221) , transfer occurred in broth in a matter of a few hours. Transfer was deoxyribonuclease resistant, and the authors provided evidence against transduction. Thus, cell-to-cell contact seemed to be a requirement for transfer.
Additional evidence for the presence of conjugative plasmids in S. faecalis, as well as in other streptococci, soon followed ( [218, 219] ). It was reasoned that if the sole function of the pheromone (cAD1) was to induce aggregation, then once the cells made contact, transfer should have occurred equally well in both directions, regardless of which donor was induced with cADl before mating. However, it was found that when only one of the donors was induced, transfer occurred only in the direction from the induced strain to the uninduced strain. If both donors were induced, transfer occurred in both directions. Thus, the pheromone must also induce a preparation for plasmid transfer, the nature of which is not known. Conceivably, the pheromone induces a polycistronic operon (perhaps somewhat analogous to the Tra operon of certain conjugative plasmids in gram-negative bacteria [1, 234] ), which, in addition to having determinants related to aggregation, also determines functions related to transfer.
Pheromone activity can be quantitated by using a simple microtiter plate system (71); serial twofold dilutions are used, and the highest dilution of filtrate that still induces clumping of the appropriate responder (donor) cells is taken to represent the pheromone titer. The titer for a given filtrate varies somewhat with the particular responder system; this depends on the conjugative plasmid, as well as the host. Typically, titers range from 4 It is presumed that the aggregation substance binds to a specific substance, designated binding substance, which is located on the surfaces of both recipients and donors (71 4 . Model proposing various donor and recipient relationships with respect to the synthesis of and response to two hypothetical sex pheromones, cA and cB. The determinants of the pheromones are shown as being located on the bacterial chromosome, along with a determinant for binding substance (BS). The latter is expressed in both donors and recipients and is located on the cell surface. IcA and IcB are determinants (on plasmids pA and pB, respectively) for substances which repress (or inactivate) endogenous cA and cB. RcA and RcB are determinants of regulatory proteins which respond to cA and cB, respectively, resulting in a turning on of the determinant AS, which encodes the aggregation substance; the latter is located on the cell surface. Once a donor has responded to the appropriate pheromone, the aggregation substance can bind to the binding substance, initiating conjugal contact.
are also present. All three strains have the chromosomally determined binding substance. Plasmid pA determines the ability to respond to cA and, at the same time, through an IcA (inhibitor of cA) gene prevents production of endogenous cA. (Alternatively, inactivation of cA could be involved.) Similarly, plasmid pB allows its host to respond to cB and prevents the production of endogenous cB via gene IcB. The response of the donor cell to the pheromone is shown as an interaction (direct or indirect) of the latter with a responding substance (repressor or activator?) determined by gene RcA or RcB which, in turn, activates aggregation substance synthesis. Aggregation substance, which could be either plasmid determined (as depicted in Fig. 4) It should be possible to test this model genetically by obtaining mutations in the proposed determinants, and such efforts are currently under way. The conjugative hemolysin plasmid pAD1 is being used for this, since much is already known about its structure (Fig. 1), (Fig. 5) awaits further study.
In view of the evidence in a number of streptococcal species for conjugal transfer in a plasmid-free environment, it will be interesting to determine the extent to which these systems represent "conjugative transposons." In this regard, Guild et al. have shown recently (M. Smith, M. Hazum, and W. Guild, submitted for publication) that Tn916 has homology with the transferrable tetracycline element that they have studied in S. pneumoniae (204) . In turn, the latter element had homology with similar determinants from nine other clinical isolates of pneumococcus and from group B strains. Studies on the homology of tetracycline resistance elements per se are currently being conducted by V. Burdett (submitted for publication (188) , and the erythrogenic toxin associated with group A strains causing scarlet fever has long been known to be associated with a phage genome (245, 246). Recently, Totolian (222) reported the transduction of S. pyogenes determinants of M protein and serum opacity factor. Transducing phages have never been reported in group B or D streptococci, but it is not clear whether this simply reflects the absence of a search for such systems.
Higuchi et al. (101, 102) reported that certain mitomycin C-exposed strains of S. mutans undergo lysis and give rise to defective phage particles. These particles, as well as their released DNA, reportedly transformed S. sanguis and variant S. mutans strains into producers of insoluble polysaccharide (glucan); however, peculiarities regarding certain phenotypic properties (e.g., the ability to produce ammonia from arginine by the transformant but not by the recipient or by the original phage-containing strain) raises the possibility of alternative interpretations of the data.
Transduction of the ERL1 (Emr) plasmid among group A streptococci (150,151) and transduction of this plasmid from group A to groups C and G (156, 207) and back to group A (207) suggest that this means of gene transfer may be important in the spread of plasmid-mediated resistance in these organisms. In S. lactis, transduction of a plasmid determining the ability to utilize lactose has been reported (162, 172) . F, H, N, and 0 (63, 186, 232 ), S. pneumoniae (126, 216) , and in certain strains of S. mutans (185a). Interspecies and intergeneric transformation has also been reported (22, 58, 182, 186, 233) .
TRANSFORMATION Transformation occurs in streptococcal groups
Plasmid transformation was first reported by LeBlanc and co-workers (130, 133) , who introduced pAM,81(Emr) from S. faecalis DS5 into group H (S. sanguis strain Challis) and group F streptococci. pAMal(Tcr) from DS5 would not transform. Several other plasmids from different species and genera have now been shown to transform the Challis strain (13, 24, 146, 155), as well as S. pneumoniae (8, 199, 205, 211) , and two streptococcal plasmids (pAMal and pAM77) have been shown to transform B. subtilis (42, 241) .
Using an approach originally used in E. coli (120), Macrina and co-workers (146) were able to transform strain Challis with small cryptic plasmids from Streptococcus ferus (formerly S. mutans). This was done by transforming with an excess of the S. ferus strain V380 cryptic plasmids pVA380 and pVA380-1 mixed with pVA1 (a small deleted form of pAM,B1); a significant number of the selected Emr transformants also contained one of the unselected plasmids.
Transformation in S. sanguis and S. pneumoniae is dependent on a competent state that is acquired for a short period of time at an optimum cell density during logarithmic growth (63, 183, 217 (Table 1) that resistance is commonly plasmid borne, examples ofresistance not related to plasmids have also been observed (see above). The frequency of resistant strains depends on the drug, the species, and the geographical location. In Japan, the majority of S. pyogenes isolates are now resistant to one or more drugs (168, 169, 175, 176, 223) , and more than 50% (primarily type T-12) have been reported (175, 176) to be resistant to tetracycline, erythromycin, and chloramphenicol simultaneously. Significant but lower frequencies have been reported in other countries (15, 20, 56, 60, 62, 78) . Tetracycline resistance is extremely common among group B and D species throughout the world (4, 7, 24, 73, 77, 114, 171, 189) . A variety of oral (viridans) isolates exhibit tetracycline resistance, and highly elevated frequencies have appeared in patients receiving antibiotic therapy (135) . Of particular concern in recent years has been the appearance of multiple drug resistance in S. pneumoniae, with some strains showing resistance to more than eight different drugs (27, 113, 229) .
Streptococcal reistance to aninoglycosides and chloramphenicol is mediated by drug-modifying enzymes (51, 54, 106, 122, 17o, 208) , much like the case in other genera (59). Erythromycin (MLS) resistance appears to be due to an N6 dimethylation of an adenosine residue in 23S ribosomal ribonucleic acid, and streptococci resemble resistant streptococci in this regard (127, 230) . In some cases resistance is inducible (109, 230); a relatively short (15-to 60-min) exposure to a low concentration oferythromycin (e.g., 0 .01 ug/ml) results in a high level of resistance (minimal inhibitory concentration, >1 mg/ml).
It is interesting that the great majority of streptococcal plasmids which reportedly determine erythromycin resistance have molecular weights of 15 x 106 to 20 x 106 ( Table 1) . Two of these plamids (pAM,B1 and pAC1) are more than 90% homologous (240) , and comparisons with other plnids have revealed common restriction fragments (98) . Three other MLS plasmids were also shown to have extensive homology (74 (238) , and three models (all based on recombination between the direct repeats) have been suggested (39, 237) as the basis for amplification (Fig. 6) .
Interestingly, it has been observed (236) Although the ampliflable tet element with its direct repeats resembles a transposon, its transposition to other replicons has never been observed. Because pAMal is mobilized so easily by conjugative plasmics, screening for transposition to the latter is difficult. In addition, insofar as the level of tetracycline resistance is probably detennined by the sum of the detenninants, transposition from a multicopy plasmid to a single-copy conjugative plasmid might result in a level of tetracycline resistance too low to resolve easily.
Amplification phenomena similar to the amplification of pAMal have been found in certain large R-plasmids in Proteus mirabilis (196, 197) and E. coli (28, 160, 165, 178) . In these, the amplifiable determinants are also flanked by direct repeats, and in certain cases the flanking repeats represent the insertion sequence IS1 (28, 108, 165, 190 (219) . Insertion occurs into multiple sites in pADi and, in some cases, results in inactivation of hemolysin expression (P. Tomich, C.
Gawron-Burke, A. Franke, F. An, and D. Clewell, submitted for publication). These sites map in EcoRI fragment H (Fig. 1) (218, 219) . A 4-h exposure of strain DS16 cells to 0.5 ,ug of erythromycin per ml results in a greater than a 10-fold increase in pADl molecules with newly acquired Tn917 insertions. Studies have shown that transposition involves a pAD1::pAD2 cointegrated structure which forms during the first 20 to 30 min of induction; resolution of the cointegrated structure into pAD1::Tn917 and pAD2 takes longer, requiring as much as 30 min or more (219; Tomich et al., submitted for publication). If strain DS16 cells are mated with strain JH2-2 (plasmid-free) recipients after 30 min of induction with erythromycin, followed by washing the cells free of drug, the majority (>90%) of the erythromycin-resistant transconjugants contain a cointegrated molecule which remains stable in the JH2-2 host. Such structures have been observed to have two Tn917 elements situated at the two junction points of the plasmids (Tomich et al., submitted for publication). Evidently, the JH2-2 host lacks a function which was present in strain DS16 and facilitates the resolution step. In general, the mechanism of transposition appears to be entirely consistent with models proposed by Shapiro (202) and Arthur and Sherratt (5), which were based heavily on information gained from studies of the behavior of Tn3 (96) . It is conceivable that the determinants of MLS resistance (possibly encoding an enzyme which methylates an adenine residue in 23S ribosomal ribonucleic acid) and a transposase are linked together on a single operon or are controlled by a common regulatory function. In view of recent data reported by Horinouchi and Weisblum (103) and Shivakumar et al. (203) suggesting that MLS resistance in staphylococci is controlled by posttranscriptional processes, the possibility that such a control process exists for Tn917 resistance and transposition functions remains open.
It is noteworthy that the only other transposons that have been identified in gram-positive bacteria are Tn551 and Tn554, both of which occur in S. aureus (177, 184, 185, 187) .
PLASMID MAINTENANCE AND INCOMPATIBIITY
Very little is known about plasmid incompatibility and replication (maintenance) functions in streptococci. Although numerous plasmids have been identified, attempts to categorize them into specific compatibility groups have been limited by the lack of convenient combinations of selectable plasmid markers. In the case of the R-plasmids, many bear only MLS resistance markers. In other cases, conjugative plasmids harbor hemolysin determinants or bacteriocin determinants or both, which are not amenable to positive selection. It is likely that, as in the gram-negative species, many compatibility groups will be found eventually. This is certainly supported by the observation that some strains of S. faecalis harbor as many as five plasmids (e.g., strains DS5 and 39-5) (Yagi, Brown, and Clewell, unpublished data). Six or more plasmids have been observed in certain group N strains (129, 136) .
Evidence recently reported by Romero et al. (195) placed members of a collection of S. faecalis R-plasmids into three groups. (It takes at least two plasmids to define a group.) Recent studies (Brown and Clewell, unpublished data ) have also shown that pAD1 and pAMyl are incompatible; that is, these plasmids are members of the same group. Although these two plasmids both determine hemolysins, the construction of derivatives with different resistance transposons allowed compatibility testing. Two other hemolysin plasmids (pOB1 and pPD5) tested by this approach were found to be compatible with pADl and pAMyl (Brown and Clewell, unpublished data).
As in other genera, in streptococci there are examples of multicopy plasmids and plasmids that are present to the extent of only one to two copies per chromosomal genome equivalent. Usually, the smaller plasmids are present as multicopies, although there are exceptions, such as the 4.5-Mdal pAM77 plasmid in S. sanguis (241) and the 2.0-Mdal pDP1 in S. pneumoniae (210) , which occurs at only one to two copies per chromosomal genome equivalent. Macrina et al. (141, 142) An interesting copy number control process has been found in the tetracycline resistance gene amplification of pAMal, a phenomenon whereby the mass of plasmid DNA taken as a percentage of chromosomal mass remains constant (see above). Although the basis of this phenomenon is unknown, the possible interpretations are as follows. (i) Because of a limited number of replication sites (e.g., one to two sites for the 10 copies per chromosomal genome equivalent in the unamplified state), the initiation of a round of replication requires that the previous round be completed. Thus, assuming that completion of a round of replication re-quires at least several minutes, replication of the larger molecules occupies a greater fraction of the division cycle, and initiation of new rounds is less frequent (236) . Fewer initiations result in fewer copies. (ii) The amplified segment on pAMal includes a determinant that encodes a function which affects initiation negatively. The increased gene dosage arising because of amplification results in fewer copies.
A few MLS resistance plasmids identified originally in S. pyogenes have unusually long inverted repeats; together these repeats occupy 40 to 80% of the plasmid (12, 19) . In the case of pSM19035, which has 80% of its DNA corresponding to such repeats, a deletion has been obtained in S. sanguis strain Challis (13) where ends of the long repeats appear to be fused (14 (10, 141) . Using the MLS resistance determinant of pVAl and the cryptic plasmid pVA380-1, Macrina et al. (141) have constructed and physically mapped several chimeric plasmids (pVA680, pVA736, and pVA738), one of which (pVA736) was used successfully to clone the chloramphenicol resistance determinant of the R-plasmid pIP501, as well as chromosomal sequences from S. mutans strain 6715-13. Similar studies have been reported by Behnke and Ferretti (10) and Malke et al. (153a) .
A problem which arises in molecular cloning experiments with S. sanguis (and also B. subtilis) concerns the generation of unwanted deletions during the process of transformation (see above section on Transformation). Recent efforts to overcome this problem involve the transformation ofstrains which already harbor a plasmid consisting of some component of the vector plasmid (47a), so that recombinational events with the entering vector plasmid facilitate circularization (F. L, Macmina and W. Guild, personal communication).
A recent report by Hansen et al. (94) described the cloning of the small cryptic plasmid pVA318 from S. mutans into the pBR322 vector system of E. coli. An examination of minicells showed that the S. mutans psmid encodes a 20,000-dalton protein; the function of this protein is not known. In addition, Burdett (personal communication) recently cloned into E. coli pAMal, pMV158, and pMV163, as well as a chromosomal tet determinant from S. agalactiae B109, and she observed expression of resistance. 
CONCLUSIONS
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